Summary. Absolute and relative testis mass of two species of conilurine rodents, the plains rat (Pseudomys australis) and the hopping mouse (Notomys alexis), were markedly different. In plains rats the testis comprised \m=~\3%of body mass while in hopping mice they rarely accounted for more than 0\m=.\2%.In both species, 8 cellular associations, or cycle stages, were recognized in the seminiferous epithelium. The relative freqencies, and hence durations, of Stages I to VIII were 5\m=.\1, 7 \ m = . \ 0 , Generally, the relative durations of the cycle stages were very similar between plains rat individuals, but were variable between hopping mice. Also, organization of the seminiferous epithelium was less rigid in hopping mouse testes, and several anomalies were observed. These included: (1) the occurrence of 2\p=n-\4cellular associations in about 20% (range 11\m=.\3\p=n-\33\m=.\9%) of tubular cross-sections, (2) deviations in cellular composition in certain cycle stages from that usually observed, and (3) an increased incidence of degenerating cells, together with the presence of multinucleated 'giant' cells, within the seminiferous epithelium.
Introduction
In a previous comparative study of testis size and histology of some Australian conilurine rodents marked interspecific differences were found, with the smallest absolute and relative testis mass occurring in the hopping mouse, Notomys alexis, and the largest in the plains rat, Pseudomys australis (Breed, 1982a) . In this previous investigation an assessment was made of the relative abundance of interstitial and tubular tissue, but the cytology of the seminiferous epithelium was not described.
In mammals two different methods have been used for categorizing stages of the cycle of the seminiferous epithelium (see Courot et ai, 1970; Clermont, 1972; Berndtson, 1977) . One, the 'tubular morphology' system (Berndtson, 1977) , is based on changes in shape of spermatid nuclei, the maturation and meiotic stages of spermatocytes, and relative positions of germ cells, par¬ ticularly spermatids, within the epithelium (Curtis, 1918; Roosen-Runge & Giesel, 1950; Ortavant, 1959; Amann, 1962; Grocock & Clarke, 1975) . The second, the acrosomal system, is based on changes in shape of the acrosome and morphology of the maturing spermatids after staining with periodic acid-fuchsin sulphurous acid (PA-FSA) (Leblond & Clermont, 1952) . In the present study we have used the tubular morphology system to describe the cellular associations of the seminiferous epithelium in hopping mouse and plains rat testes. (Watts & Aslin, 1981; Strahan, 1983) , and so the regimens used fell within the ranges encountered by these species in the wild. Measurements of ambient and burrow temperatures taken at various times throughout the year (Lee et al., 1984) have indicated that hopping mice are subjected to a temperature range of 16-33°C while foraging or within their burrows. The daylength encountered by these animals in the wild varies and depends on the season and the animal's location within the species geographical range, but for Alice Springs (23°56'S, 137°52 , which is approxi¬ mately mid-latitudinal range for this species of hopping mouse) maximum and minimum day lengths are 13 h 39 min light, 10 h 21 min dark, and 10 h 40 min light, 13 h 20 min dark respectively. Since reproductively active animals have been collected at all times of the year (Breed, 1982b) , the effect of this variation in photoperiod and temperature on gonadal activity in the natural environment is probably negligible provided abundant food resources are available.
Tissue preparation. Sexually mature males of various ages, ranging from 2 months to 5 years, from both species were anaesthetized with pentobarbitone sodium (Nembutal: Abbott Ceva Chemicals, Hornsby, N.S.W.) at a dose rate of 6-Omg/10g body weight. The animals were then fixed by vascular perfusion through the left ventricle using the solutions and techniques of Forssman et al. (1977) . The testes were removed, cut into slices using a sharp razor blade, and further fixed by immersion for 1-2 h in the second perfusion fixative (3% formaldehyde, 3% glutaraldehyde, 0-1% picric acid). The tissue was subsequently rinsed in 01 M-phosphate buffer, pH 7-2, post-fixed in 1% osmium tetroxide, dehydrated, and embedded in Spurr's resin. Plastic sections were cut at 0-5-1-0 pm thickness on an ultramicrotome and stained with toluidine blue in borax before viewing under an Olympus Determination of the relative durations of the cycle stages. The relative durations of the various stages of the cycle of seminiferous epithelium were taken to correspond to the relative frequencies with which they appeared in crosssections of the seminiferous tubules. This is valid since, in randomly selected sections through seminiferous tubules, stages of long duration will appear more frequently, while those of shorter duration will appear less often, provided a large sample is taken (Clermont & Trott, 1969 Deviations from the typical cellular associations A number of differences in the arrangement of the germ cells within the seminiferous epithelium were observed between the two species.
In the hopping mouse testis, minor variations in composition of the cellular associations from those described above were occasionally observed. In some cases, a particular generation of germ cells was seen at a slightly earlier or later stage of development than that present in a 'typical' association. For example, in Stage VIII of the cycle, type spermatogonia were sometimes observed instead of the preleptotene primary spermatocytes which usually occurred within this stage (see Fig. 17 ). Likewise, the elongating spermatids of Stages III, IV and V occasionally had either more or less intensely stained nuclei than was usual for these stages (Fig. 18) . On several occasions, associations were observed in which one generation of germ cells was completely absent from the epithelium (Fig. 19) . Such deviations from the 'normal' were not seen in tubules of the plains rat testis.
For the testes of most rodents, including those of the laboratory rat and laboratory mouse, a particular cellular association occupies an extensive area of a seminiferous tubule (Curtis, 1918; Perey et al., 1961; Courot et al., 1970) , and consequently, in cross-section, most tubules display a single cellular association. This was also the case in the plains rat testis. However, in the hopping mouse testis, an average of 19-9% (range 11-3-33-9%; 35 animals) of tubular cross-sections per animal displayed more than one cellular association, and as many as 4 associations in a single cross-section were observed (Figs 20 & 21) . This frequency of occurrence was similar regardless of the age of the animal.
Occasionally, multi-nucleated 'giant' cells were seen in tubules of the hopping mouse testis which were otherwise normal in appearance (Fig. 22) . Although these cells were more common in testis sections from older animals, they were observed in the testes of a 3-month-old individual as well. Such cells were not seen in the plains rat testes.
No differences in testicular structure were observed between the laboratory bred hopping mice, regardless of whether they had or had not recently mated with a female, and those that had been caught in the wild. The irregularities in the arrangement and composition of the seminiferous epithelium were common to all groups of animals.
Relative durations ofstages of the cycle of the seminiferous epithelium
The relative durations of stages of the cycle of the seminiferous epithelium were obtained by ascertaining the frequency with which they appeared in tubular cross-sections (see Table 2 ).
In plains rat testes, the most common associations were Stages VI and VIII, each comprising about 25% of all tubule cross-sections, whereas Stages I, V and VII were the least frequent each appearing in only 4-6% of cross-sections. In the testes of laboratory bred hopping mice, Stages I, VI and VII were the most frequent (~20%), while Stage V was the rarest.
The relative frequencies of the cellular associations of the wild caught hopping mice fell within the frequency ranges observed for the laboratory bred animals. Likewise, there was no difference in frequency of the associations between animals that had recently sired litters and those that had been housed in single sex groups (Table 2) . (Fig. 21) ; Stages I, II & III (Fig. 20) . 315. Fig. 22 . Multinucleated 'giant' cell in the seminiferous epithelium, 790. (N = 14) (N = 35) (N = 3) (N = 5) I 5-1 ± 1-8 20-4 ± 7-7 201 ± 5-5 21-9 ± 40 II 7-0 ±1-2 10-9 + 4-0 8-4 ± 3-3 8-3 + 1-6 III 12-5 ± 2-4 9-6 ± 3-7 9-6 ± 0-8 7-3 ± 2-7 IV 10-5 ± 1-9 8-1 ± 2-6 8-7 ± 3-8 10-2 ± 2-7 V 5-4 ± 20 51 ± 2-0 8-6 ± 0-9 4-8 + 1-4 VI 25-9 ± 3-2 20-4 ± 8-4
17-2 ± 4-2 18-0 ± 7-5 VII 4-4 ± 1-3 14-7 ± 5-6 17-5 + 4-5 18-8 + 3-1 VIII 29-0 + 3-0 10-8 + 4-2 9-8+1-3 10-7 + 3-6 *Animals from Curtin Springs Station, N.T., captured in August 1984, and housed in the laboratory for 6-12 months before death. JMales had been used for breeding and had sired litters within the previous 2-month period.
Discussion
The present study has confirmed the huge differences in absolute and relative testis mass of the two arid zone species of Australian conilurine rodents, the plains rat (Pseudomys australis), and the hopping mouse, (Notomys alexis). In plains rats, the testes were large (1-2-2-5 g), and comprised about 3% of body mass, whereas in hopping mice they were invariably very small (30-60 mg), and rarely accounted for more than 0-2% of body mass. A study of the cycle of the seminiferous epithelium in males of these two species showed that it was basically similar to that documented for most other mammals with 8 cellular associations being recognizable in the testes of both species. Differences in tubular architecture were, however, evident between the 2 species and between the tubules of hopping mice and other rodents. Organization of the seminiferous epithelium of plains rat tubules followed the pattern found in most species of rodents, including that of the laboratory rat (Roosen-Runge & Giesel, 1950) , laboratory mouse (Oakberg, 1956) , golden hamster (Clermont, 1955) , Chinese hamster (Oud & de Rooij, 1977) , and guinea-pig (Clermont, 1960) , in which a single cellular association per tubular cross-section usually occurred. In the hopping mouse testis, however, approximately 20% of tubular cross-sections contained between 2 and 4 cellular associations. This was reminiscent of the situation in man (Clermont, 1963) , and the baboon (Chowdhury & Steinberger, 1976; Chowdhury & Marshall, 1980) , in which nearly all, and just under half of tubular cross-sections respectively, display more than one cellular association. In these species the occurrence of two or more cellular associations in the one tubular cross-section has been suggested as being in part related to the fact that individual cellular associations occupy smaller areas of the tubular epithelium (Heller & Clermont, 1964; Chowdhury & Marshall, 1980) . The increased incidence of multiple cellular associations per tubular cross-section in the hopping mouse may be similarly related.
Another apparent difference of the seminiferous epithelium of the hopping mouse from that in other rodents so far studied (Leblond & Clermont, 1952; Oakberg, 1956; Clermont, 1960) Clermont, 1963) of spermatogenesis resulting in one population of cells beginning spermatogenesis a little earlier or later than would normally be expected. When a generation of germ cells is absent altogether, as has occasionally been found in the human testis, it may be due to lack of division of the spermatogonia in one particular cycle or subsequent death of a cell lineage.
In a few hopping mouse testes, multinucleated giant cells were seen in the seminiferous epithelium. The individuals in which these were found varied in age although there appeared to be an increased incidence in old animals. These cells have been observed in the human seminiferous epithelium in various circumstances (see Barham & Berlin, 1974; Holstein & Eckman, 1986) , and their presence has been ascribed to degenerative processes within the testis sometimes arising from external noxes or pathogens resulting in defects of the intercellular bridges or the confluence of membranes between adjacent germ cells (see Holstein & Eckman, 1986) . The incidence of these, and other degenerative cells, in hopping mouse tubules of otherwise normal appearance was not related to testicular degeneration as all animals examined had viable sperm reserves present in the excurrent ducts. Their incidence appears, therefore, to reflect the normal attrition of germ cells associated with spermatogenesis in this species.
Species specific differences in the relative frequencies, and hence durations, of the stages of the cycle of the seminiferous epithelium, were observed between the plains rat and hopping mouse testes. The greatest differences were between Stages I and VIII. In the plains rat, Stage VIII was of relatively long duration, whilst Stage I was short. The opposite was the case in the hopping mouse testis. Such differences in the durations of these stages appear to be related to the timing of release of the mature spermatozoa from the epithelium and their disappearance from the tubule lumen. Likewise, the time required for the round spermatids to undergo the initial and cap phases of spermiogenesis, as indicated by differences in the relative durations of Stages VI and VII, appears to be species specific.
Relative durations of the cycle stages were more variable between individual male hopping mice than between plains rats. This may be for several reasons. Because multiple associations per tubular cross-section were common in the hopping mouse testis, a greater margin for error existed in defining the boundaries between them and determining the area occupied by each association. This could have contributed to the variability since relative durations were based on relative frequencies of occurrence. However, it is unlikely that this accounts for all the variation seen. Rather, in the light of the other anomalies observed in the hopping mouse testis, it is probable that the variability is associated with the seemingly looser overall control of the dynamics of germ cell production in these animals.
The only other species of rodent that we can find that has been described in the literature as having a testicular mass as small as that of the hopping mouse, apart from that of most other Notomys species (Breed, 1982a) , is the mole vole (Ellobius lutescens) from Iran. In a study on this species, the testes were found to weigh only about 20 mg for males of 60 g body weight (Stefan & Steimer, 1978) . However, despite this similarity in the occurrence of a very small testis, the structure of the seminiferous epithelium of mole voles and hopping mice was very different. The testes of mole voles rarely contained spermatids or spermatozoa, and spermatogenesis frequently ceased at the spermatocyte stage, suggesting a hypogonadic state (Stefan, 1967) . In hopping mice, by con¬ trast, all stages of spermatogenesis were clearly evident in all testes investigated, despite the variations in structure and organization of the seminiferous epithelium. Also, in hopping mice, the variability in the seminiferous epithelium was common to both the laboratory bred animals regardless of whether they had, or had not, recently sired young, and to wild caught individuals.
A number of other divergent features of the lower region of the male reproductive tract of the hopping mouse are also evident (Breed, 1986) and, when male hopping mice are dissected, testicu¬ lar position varies from perianal to inguinal or even lower abdominal. In these animals an external scrotal swelling is often not evident, and the pampiniform plexus, unlike that of plains rats, is poorly developed and the testicular artery shows relatively little coiling. Nevertheless under labora¬ tory conditions the breeding success of hopping mice is greater than that of plains rats, as indicated by both a higher number of litters born to the number of animals placed together in the breeding colony as pairs, and by the occurrence of a higher number of litters born per breeding pair (unpublished data). In the hopping mouse, therefore, the divergent anatomical features of the male reproductive tract, small testis size, variability in the structure of the seminiferous epithelium as well as in that of sperm morphology (see Breed & Sarafis, 1983) , do not appear to compromise fertility and appear to be the norm in this species of native Australian rodent.
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